INTRODUCTION T-cell acute lymphoblastic leukemia (T-ALL) is a clinically aggressive hematologic malignancy that accounts for 15% of pediatric and 25% of adult ALL cases. 1 Limited targeting therapies are available for patients with T-ALL because of an insufficient understanding of T-ALL genetics and biology. Despite current therapies, including chemotherapy and bone marrow transplant, 25-50% of T-ALL patients relapse, resulting in a poor outcome with a 5-year overall survival rate of approximately 45%. [2] [3] [4] Class I phosphoinositide-3 kinases (PI3Ks) are a group of signaling transduction enzymes involved in the production of intracellular second messenger lipid signals. The class I PI3Ks are subdivided into two groups based on their structures: class IA PI3Ks are heterodimers consisting of one regulatory subunit and one catalytic subunit (p110α, p110β or p110δ). Unlike p110α and p110β, which are ubiquitously expressed, p110δ is highly enriched in leukocytes. PI3K p110δ (PI3Kδ) is encoded by PIK3CD. The PI3K pathway is activated in 92% of T-ALL cell lines and 81% of primary T-ALL samples, respectively. 5 PTEN, a tumor suppressor, is the most important negative regulator of the PI3K signaling pathway. In addition to its canonical, PI3K inhibition-dependent functions, PTEN also can function as a tumor suppressor in a PI3Kindependent manner. PTEN loss of function due to gene mutations or deletions occurs in 22% of T-ALL patients, leading to hyperactivation of PI3K and its downstream AKT signaling pathway. 6 Ikaros is a zinc-finger transcriptional factor encoded by IKZF1 and is a key regulator and tumor suppressor in hematopoiesis. 7 Loss of Ikaros function is common in human T-ALL. 7 Ikaros isoforms share a common structure of two functional domains composed of zinc fingers. The first four zinc fingers represent a DNA-binding domain (DBD) whereas the last two zinc fingers are components of a dimerization domain; the latter allows competitive binding between isoforms. 8 These domains are encoded by seven different exons, and differential splicing generates different isoforms. Ikaros isoforms that display at least three zinc fingers in the DBD are considered dominant positive (DP, IK1-3), whereas Ikaros isoforms with less than three zinc fingers in the DBD are considered dominant negative (DN, . DN isoforms are not only defective typically due to decreased/no DNA-binding capacity but also may interfere with the activity of functional isoforms. Mice with the heterozygous loss of Ikaros rapidly develop T-cell leukemia. 9, 10 microRNAs (miRs) are short noncoding RNAs of 20-22 nucleotides that function to regulate gene expression at the posttranscriptional level. miRs play fundamental roles in the regulation of cellular proliferation, differentiation and apoptosis. miRs are dysregulated in many types of cancer, including T-ALL. miRs can function as oncogenes, favoring the initiation and progression of cancers, or as tumor suppressors, preventing tumorigenesis. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The biological functions of miRs in T-ALL are largely unknown. To better understand T-ALL pathogenesis and identify new therapeutic targets in T-ALL, we previously developed a Pten-knockout T-ALL mouse model. 30 In this study, we profiled the miRs in the Pten-deficient mouse T-ALL. miR-26b was shown to be aberrantly expressed. Recent studies have implicated aberrant expression of miR-26b in several types of non-hematopoietic cancer. [31] [32] [33] However, the expression level of miR-26b and its role in T-ALL is unknown. In this study, we investigated the expression level of miR-26b in T-ALL, showed its aberrant expression and studied the effects of its altered expression on human T-ALL cells.
MATERIALS AND METHODS

Patient samples
We obtained 27 bone marrow samples from newly diagnosed T-ALL patients, from 2009 to 2013, accessioned at the Institute of Hematology and Blood Disease Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Tianjin, PR China. The median patient age was 26 years old (range, 18-66). The median percentage of blasts in bone marrow was 92% (range, 80-98%). The diagnosis of T-ALL in all cases was established on the basis of morphologic findings, and immunophenotypic, cytogenetic and molecular data according to the World Health Organization classification and the National Comprehensive Cancer Network guidelines. Mononuclear bone marrow cells were separated using Ficoll-Hypaque density gradient centrifugation and stored in liquid nitrogen. This study was approved by the Institutional Review Boards of the Institute of Hematology and Blood Disease Hospital and informed consent was obtained from each patient according to the revised Declaration of Helsinki.
Cell lines and thymocytes
The human T-ALL cell lines CCRF-CEM, KOPT-K1, MOLT4, JURKAT, LOUCY, SUPT1 and the 293T cell line were purchased from American Type Culture Collection (Manassas, VA, USA) and recently identified by DNA fingerprint. Two human postnatal normal thymocyte samples were provided by Dr Andrew Weng (Terry Fox Laboratory, Vancouver, BC, Canada). The mouse T-ALL cell lines (LPN248, LPN236, LPN228) were generated from mouse Pten-knockout T-ALL models and LPN211 was generated from Ink4a/Arf knockout mice. 30 The CCRF-CEM-FFluc cell line was obtained from Dr Malcolm K Brenner and was described previously. 34 The cell lines were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum and 10 mM L-glutamine. 293T cells were cultured in Dulbecco's modified Eagle's media with 10% fetal bovine serum. Cells were kept at 37°C in 5% CO 2 and tested without cytoplasm contamination. miRNA expression profiling RNA labeling and hybridization on miRNA microarray chips were performed as described. 35, 36 Briefly, 5 μg of total RNA from each sample was biotin-labeled by reverse transcription using 5′ biotin end-labeled random octomer oligo primers. Hybridization of biotin-labeled cDNA was carried out on a miRNA microarray chip (MD Anderson miRNA expression Bioarray Version 5), which contains 2300 miRNA probes, including 1400 human and 900 mouse miRNA genes, in duplicate. Hybridization signals were detected by biotin binding of a streptavidin-Alexa647 conjugate b using Axon Scanner 4000B (Axon Instruments, Union City, CA, USA). The images were quantified by GENEPIX 6.0 software (Axon Instruments).
Murine xenograft model
Ten female 8-week-old Non-obese diabetic/severe combined immune deficient gamma (NSG) mice (Jackson Laboratory, Sacramento, CA, USA) were randomly divided into two groups and transplanted intravenously with CCRF-CEM-FFluc cells (five mice in the control group: pCDH empty vector lentivirus infected; five mice in the miR-26b overexpressed group: pCDH-miR-26b lentivirus infected). The engraftment of CCRF-CEM-FFluc was monitored by flow cytometry (anti-human CD45-APC antibody BD Biosciences, San Jose, CA, USA) and GFP) on mouse retro-orbital bleeding samples. Phospho-AKT was measured by intracellular staining flow cytometry (Cell Signaling, Danvers, MA, USA; #11962) on mixed mouse retro-orbital bleeding samples. Transplanted mice underwent in vivo bioluminescence imaging at various time points. The mice in each group were followed for survival. Two groups of the mice were treated and experimented under the same condition. This study was approved by Institutional Review Board (IRB), the University of Texas MD Anderson Cancer Center.
Statistical analysis
Statistical analyses were performed and figures created using Graphpad Prism software 6.0 (Graphpad software Inc., La Jolla, CA, USA). Each data point represents the mean and standard deviation (s.d.) of experiments performed at least in triplicate. The group data comparisons were performed using Student t-test, two-way ANOVA and χ 2 test. Linear regression was carried out to test the correlation between miR-26b and PTEN expression level. The Kaplan-Meier method was used to generate survival curve. The P-values were two-sided and Po0.05 was considered significant.
Additional methods are presented in the Supplementary Data.
RESULTS
Expression of miR-26b is decreased in mouse T-ALL cells null for Pten and in human T-ALL cell lines
We generated a mouse T-ALL model with deletion of the Pten tumor suppressor gene and profiled the miRs from this model. 30 A miR array identified a subset of miRs that show aberrant expression levels in Pten-deficient mouse T-ALL cells (ArrayExpress database E-MTAB-5053; Figure 1a ). We selected miR-26b for this study as its expression level was significantly lower (−3.32-fold) in the Pten-deficient mouse T-ALL samples (n = 4) as compared with mouse wild-type (WT) thymocytes (n = 2). In addition, aberrant expression of miR-26b has been identified in several types of nonhematopoietic cancer. [31] [32] [33] To further validate that miR-26b is downregulated in the Pten-deficient mouse T-ALL, a quantitative RT-PCR (qRT-PCR) was performed. Indeed, the expression level of miR-26b in the Pten-deficient mouse T-ALL cells was markedly lower in comparison with that of WT thymocytes and Ink4a/Arf knockout (KO) mouse T-ALL cells (LPN211; Figure 1b ). The decreased expression level of miR-26b in Pten-deficient mouse T-ALL along with its potential role in the pathogenesis of human T-ALL led us to explore if miR-26b expression levels are also altered in human T-ALL. We first performed quantitative RT-PCR on a panel of human T-ALL cell lines. Indeed, the expression level of miR-26b is significantly lower (6-8-fold) in human T-ALL cell lines, including the PTEN wild-type cell lines SUPT1 and KOPT-K1, and PTEN null cell lines CCRF-CEM, LOUCY, JURKAT and MOLT4, when compared with that of normal human thymocytes ( Figure 1c ). miR-26b expression level in human primary T-ALL were also determined by quantitative RT-PCR. We selected 27 primary bone marrow T-ALL samples. miR-26b was found to be downregulated in the primary T-ALL cells compared with normal human thymocytes (Po 0.0001, Figure 1d 
miR-26b inhibits proliferation and promotes apoptosis in T-ALL cells in vitro
To functionally assess whether miR-26b plays a role in the growth of human T-ALL cells, we expressed exogenous miR-26b in a panel of human T-ALL cell lines (Figure 2a ). In contrast with the expression levels of miR-26b in empty vector infected T-ALL cells, T-ALL cells infected with lentivirus expressing exogenous miR-26b showed modestly elevated mRNA levels of miR-26b (P o 0.05) in CCRF-CEM cells (2.2-fold higher), and Koptk1 and Molt4 T-ALL cells (approximately 5-fold higher). Exogenous expression of miR-26b significantly reduced the proliferation of T-ALL cells (P o0.05) with the most significant inhibition in Molt4 cells (Figure 2b ). In addition, the effects of exogenous miR-26b on apoptosis of T-ALL cells were evaluated by flow cytometry using Annexin-V and 7-AAD stains. Indeed, the expression of miR-26b significantly increased the apoptosis of all of the three human T-ALL cell lines ( These results suggest that miR-26b has tumor suppressor activities and may be important in T-ALL pathogenesis.
miR-26b inhibits the growth of T-ALL cells in vivo
To evaluate the effect of miR-26b on the growth of T-ALL in vivo, we established a T-ALL cell line xenograft model by injecting vector control and miR-26b overexpressed CCRF-CEM-FFluc cells into NSG mice. Bioluminescence imaging showed that the growth of miR-26b overexpressing T-ALL cells was significantly slower than that of control cells (Figure 3a ). The mice with vector-treated T-ALL cells demised by 18 days and showed extensive T-ALL involving peripheral blood (Figures 3b and c, P o0.05) . In contrast, mice with the expression of exogenous miR-26b had a prolonged overall survival (Figures 3c, P = 0.0031). The miR-26b overexpressing mice also exhibited lower phospho-AKT levels in the CCRF-CEM-FFluc T-ALL cells, as detected by flow cytometry (Figure 3b , Po 0.05). These data indicate that miR-26b suppresses the growth of T-ALL cells in vivo.
miR-26b directly targets PIK3CD and inhibits PI3K/AKT signaling Because miRs exert their functions through targeting gene expression, we performed bioinformatic analysis and screening to identify possible miR-26b targets (http://www.microrna.org).
One of the potential target genes of miR-26b is PIK3CD that encodes PI3K p110δ. PIK3CD was selected as an miR-26b target gene because of the well matched 3′-UTR binding site by miR-26b and its potential role in hematologic malignancies. 37 To confirm if miR-26b binds to the 3′-UTR of PIK3CD, we cloned the 3′-UTR of PIK3CD into a dual-luciferase vector. The dualluciferase assay showed that miR-26b inhibited luciferase activity with wt-PIK3CD-3′-UTR co-transfection compared with vector (P o 0.001), but did not influence luciferase activity with Mut-PIK3CD-3'-UTR or Null-PIK3CD-3'-UTR co-transfection (P40.05; Figures 4a and b) . The inhibitory effect of miR-26b on PIK3CD-3′-UTR was also confirmed by detecting PIK3CD protein (PI3K p110δ) level after overexpressing miR-26b in T-ALL cell lines. Binding of miR-26b to the 3′-UTR of PIK3CD mRNA inhibited protein translation of the PI3K p110δ in CCRF-CEM, KOPT-K1 and MOLT4 T-ALL cells (Figure 4c ). To assess the effect of the decreased PI3K p110δ on the PI3K/AKT pathway, western blot analysis was used to determine p-AKT expression levels. Phosphorylated-AKT was reduced in T-ALL cells with miR-26b overexpression compared with vector control (Figure 4c ). Additionally, co-expression of exogenous miR-26b and PIK3CD can significantly rescue the miR-26b effect on apoptosis in CCRF-CEM cells (Supplementary Figure S1 ). These results suggest that PIK3CD is a direct target of miR-26b. miR-26b in T-ALL pathogenesis Inhibition of PIK3CD by CAL-101 or shRNAs reduces the growth of T-ALL cells Because the PI3K pathway is frequently altered in T-ALL, we hypothesized that decreased expression of PI3K p110δ affects the growth and survival of T-ALL cells. T-ALL cells, including CCRF-CEM, KOPT-K1 and MOLT4, were treated with various concentrations of CAL-101 (Idelalisib, GS-1101), a selective p110δ inhibitor. 38 CAL-101 demonstrated a dose-dependent inhibition of T-ALL viability, indicating that inhibition of p110δ reduces the growth in T-ALL cells (Figure 5a ). Next we confirmed these findings by reducing the expression level of PIK3CD with two PIK3CD shRNAs. The shRNAs significantly dampened the expression level of the PI3K p110δ in CCRF-CEM and KOPT-K1 T-ALL cells as shown by western blotting (Figure 5b ). Compared with vectortreated cells, T-ALL cells infected with the two shRNAs showed markedly decreased proliferation and increased apoptosis (Figure 5c ). Thus, PIK3CD is important for the growth and survival of T-ALL cells, suggesting that miR-26b-mediated downregulation of PIK3CD may have a direct impact on T-ALL pathogenesis.
miR-26b is regulated by the PTEN/PI3K pathway via the transcriptional factor IKZF1 miR-26b is frequently downregulated in T-ALL, and this downregulation is important for the growth and survival of T-ALL cells. Therefore, we were interested in determining how miR-26b is regulated. Since miR-26b is downregulated in Pten-deficient mouse T-ALL cell lines and human T-ALL cell lines, we hypothesized that the PTEN/PI3K pathway affects the expression level of miR-26b. Interestingly, restoration of PTEN expression in PTEN null human T-ALL cell lines (CCRF-CEM and MOLT4) that lack endogenous PTEN expression significantly elevated the expression level of miR-26b (Figure 6a , P o0.05). Expression of exogenous PTEN in the KOPT-K1 that has endogenous PTEN expression had no or minimal impact on miR-26b expression (Figure 6a, P40.05) .
In contrast, knocking-down PTEN in KOPT-K1 cells by shRNAs downregulated miR-26b levels (Figure 6b , P o 0.05). Those data indicate that PTEN/PI3K pathway regulates miR-26b.
Recent studies have shown that lack of PTEN, which negatively regulates PI3K signaling, alters the expression of different isoforms of the tumor suppressor Ikaros, 39 leading us to hypothesize that the PTEN/PI3K pathway may modulate miR-26b through modulation of Ikaros activity. Ikaros protein has several isoforms that are divided into two groups: dominant-positive ones (IK-DP, including IK1-IK3) and dominant-negative ones (IK-DN, including IK4-9). In this study, we identified two predominant Ikaros isoforms in the CCRF-CEM, MOLT4 and KOPT-K1 cell lines (Figure 6c ). We cloned and sequenced the two isoforms. One was IK1 that is the longest IK-DP isoform (Figure 6c ). The other one is a novel Ikaros isoform that retained the DBD, lost most of the C-terminal zinc-finger domain for polymerization, and showed barely detectable (Figure 6c and Supplementary Figures S2A and B) . Additionally, the novel isoform also had an in-frame deletion of 30 nucleotides that encode 10 amino acids right before the C-terminal zinc-finger domain ( Supplementary Figures S2A and B) . The other Ikaros DP or DN isoforms were not detectable by western blotting (data not shown).
To assess whether Ikaros, the IKZF1 gene coding protein, binds to the promoter of miR-26b, we performed a search for a binding site(s). Bioinformatic analysis by PROMO 3.0 (http://alggen.lsi.upc. es/recerca/menu_recerca.html) predicted that Ikaros binds to the miR-26b promoter region as a transcriptional factor. There are five potential IK1 binding sites that have a core GGGAA sequence, according to the Ikaros ChIP-seq report. 40 To confirm that IK1 specifically binds to the site(s) in the miR-26b promoter region, we overexpressed a Flag-tagged version of the Ikaros isoform IK1 in CCRF-CEM, MOLT4 and KOPT-K1 cells (Figure 6d ). The expression of exogenous IK1 significantly elevated miR-26b expression levels. In addition, a ChIP assay was performed in the CCRF-CEM cell line, and the ChIP PCR primers recovered two GGGAA cores on the promoter region. Ikaros antibody, which can bind to all Ikaros isoforms, was used to precipitate crosslinked DNA from CCRF-CEM cells that were infected by empty lentivirus vector or PTEN overexpression lentivirus. Flag antibody was used to precipitate crosslinked DNA from CCRF-CEM cells that were infected with lentivirus overexpressing Flag-tagged IK1 (IK1-Flag). We found that more Ikaros protein was bound to the miR-26b promoter region in CCRF-CEM cells when PTEN or IK1 was overexpressed in CCRF-CEM cells. In contrast, there was very weak or no binding of Ikaros protein in empty vector lentivirus-infected CCRF-CEM (control) cells (Figure 6e) .
To further confirm that the transcriptional factor IK1 binds to the miR-26b promoter as a transcription factor, we generated a pGL3 luciferase reporter vector with an inserted miR-26b promoter region. This construct was co-transfected with IK1 expression plasmid (designated as Ikaros DP) or vector control into 293T cells. We found that luciferase activity was significantly higher in 293T cells with the miR-26b promoter region than in those with the empty vector (Po 0.01, Figure 6f ). As the novel isoform of Ikaros (IK-DN) had an in-frame deletion and loss of most of the C-terminal zinc finger, we hypothesized that it is a DN isoform. We generated a construct that expresses Ikaros-DN. Interestingly, co-transfection of IK-DN with IK1 expression plasmid significantly diminished the IK1-dependent luciferase activity in 293T cells (P o0.05, Figure 6f ). Since PTEN expression elevates miR-26b expression, we hypothesized that PTEN expression differentially modulates the expression of IK-DP and IK-DN in T-ALL cells. To this end, the three T-ALL cell lines (CCRF-CEM, MOLT4 and KOPT-K1) were infected with PTEN expression lentivirus. Expression of PTEN markedly decreased the levels of IK-DN isoform in CCRF-CEM and MOLT4, two T-ALL cell lines that have no endogenous PTEN expression ( Figure 6g ). Exogenous expression of PTEN had no significant impact on the IK-DN isoform expression in KOPT-K1, a T-ALL cell line with endogenous PTEN expression. However, knocking-down PTEN by shRNAs increased the level of IK-DN isoform in the KOPT-K1 cell line (Figure 6h ). Interestingly, expression of exogenous PTEN or knocked-down PTEN has no significant effect on the expression level of IK-DP isoform in any of the T-ALL cell lines, regardless of the presence of endogenous PTEN expression (Figures 6g and h) . Taken together, these data suggest that miR-26b is regulated by the Pten/PI3K pathways through altered splicing isoforms of Ikaros.
DISCUSSION
Activation of the PI3K/AKT pathway occurs frequently in T-ALL and has emerged as a potential therapeutic target. [41] [42] [43] Our study showed that miR-26b directly targets PIK3CD, the gene encoding the PI3K p110δ isoform, and inhibits T-ALL cell proliferation by inactivating the PI3K/AKT pathway in vitro and in vivo. Furthermore, we showed that CAL-101, a selective PI3K p110 δ inhibitor, reduces proliferation and promotes apoptosis in T-ALL cell lines.
The T-ALL cell lines we studied have constitutively activated PI3K activity. Two of the T-ALL cell lines (CCRF-CEM and MOLT4) do not express PTEN and the third T-ALL cell line (KOPT-K1) expresses PTEN, suggesting that the presence of PI3K p110δ is not totally dependent on PTEN and may be activated by other mechanism(s).
Since PTEN is not a transcription factor, but likely affects the expression of miR-26 via transcription factor(s), we screened for transcriptional factors that regulate miR-26b expression. As a transcriptional factor, Ikaros binds DNA as dimeric and multimeric complexes and specific Ikaros isoforms influence their functions. 45, 46 DN Ikaros isoforms modulate Ikaros transcriptional complexes during transcription initiation, elongation or termination. [47] [48] [49] Co-expression of DP and DN Ikaros in a transcriptional complex could alter its affinity for pericentromeric heterochromatin, leading to chromatin remodeling and activation of target genes. 50 The ChIP assay confirmed the presence of two Ikaros corebinding sites that are adjacent to each other (Figure 6d and Supplementary Figure S3 ). Overexpression of IK1, the strongest functional isoform of Ikaros, significantly induced miR-26b expression in CCRF-CEM, MOLT4 and KOPT-K1 cell lines. The IK-DN retains the 4N-terminal zinc-finger DBD, which explains its remaining binding activity to the miR-26b promoter (Figure 6e ). However, this binding is much weaker than that of IK1 (Figure 6e ). Moreover, the novel Ikaros isoform functions similarly to the DN isoforms of Ikaros as its presence strongly diminished the binding activities of IK1 to the miR-26 promoter. This observation suggests there is potentially competitive binding of the novel IK-DN and IK1 to the miR-26b promoter. The finding of a differential impact of PTEN on the expression of IK1 and the novel isoform is intriguing (Figure 6g ). The finding that the novel isoform of IK-DN, but not IK1, is regulated after exogenous PTEN expression or knockingdown along with the fact that IK1 expression enhances the binding of Ikaros to the miR-26b promoter region indicate that Ikaros may regulate miR-26b in both a dose-and isoformdependent manner in human T-ALL cells. Previous studies have shown that Ikaros isoforms competitively form dimer or polymer (Figures 6f and 7) .
NOTCH1 is frequently mutated and thought to be oncogenic in T-ALL. 51 We hypothesized that miR-26b may have an effect on NOTCH1. Interestingly, expression of exogenous miR-26b with lentivirus diminished the levels of NOTCH1 and its downstream target HES-1 in the T-ALL cell lines-CCRF-CEM, KOPT-K1 and MOLT4 (Supplementary Figure S4) . However, there is no consensus miR-26b binding site in the 3′UTR of NOTCH1 (data not shown), suggesting that miR-26b may downregulate the Notch pathway indirectly. T-ALL cells often display chronic activation of PI3K/AKT associated with Notch activation. 52 Inhibition of both the PI3K and Notch1 pathways may be beneficial for T-ALL treatment and further characterization of . miR-26b is involved in T-ALL pathogenesis as a tumor suppressor. miR-26b directly inhibits PIK3CD in the PI3K/AKT pathway and indirectly inhibits the Notch pathway. Both pathways regulate T-ALL cell growth. Tumor suppressor PTEN inhibits the PI3K pathway and alters the splice forms of Ikaros, thus regulating the miR-26b expression level as one of its important regulators in T-ALL. miR-26b in T-ALL pathogenesis miR-26b and its regulation of target genes may lead to targeted T-ALL therapy.
In summary, miR-26b is involved in the pathogenesis of T-ALL by targeting PIK3CD of the PI3K/AKT pathway and indirectly regulating the Notch pathway. The tumor suppressor PTEN inhibits the PI3K pathway which alters isoforms of Ikaros, and is one of the upregulators of miR-26b in T-ALL (Figure 7 ). In this circle of PI3K modulation, a therapeutic PI3K inhibitor may be helpful in treating patients with T-ALL. Further studies of the target genes and regulators of miR-26b may pave the road to the development of improved therapy for T-ALL patients.
